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Abstract 
As part of a wider study to develop an ecosystem-health monitoring program for wadeable 
streams of south-eastern Queensland, Australia, comparisons were made regarding the 
accuracy, precision and relative efficiency of single-pass backpack electrofishing and multiple-
pass electrofishing plus supplementary seine netting to quantify fish assemblage attributes at 
two spatial scales (within discrete mesohabitat units and within stream reaches consisting of 
multiple mesohabitat units). The results demonstrate that multiple-pass electrofishing plus 
seine netting provide more accurate and precise estimates of fish species richness, assemblage 
composition and species relative abundances in comparison to single-pass electrofishing alone, 
and that intensive sampling of three mesohabitat units (equivalent to a riffle–run–pool 
sequence) is a more efficient sampling strategy to estimate reach-scale assemblage attributes 
than less intensive sampling over larger spatial scales. This intensive sampling protocol was 
sufficiently sensitive that relatively small differences in assemblage attributes (<20%) could be 
detected with a high statistical power (1-β > 0.95) and that relatively few stream reaches (<4) 
need be sampled to accurately estimate assemblage attributes close to the true population 
means. The merits and potential drawbacks of the intensive sampling strategy are discussed, 
and it is deemed to be suitable for a range of monitoring and bioassessment objectives. 
Extra keywords: biodiversity, bootstrapping, fish behaviour, habitat use, physico-chemical 
conditions, power analysis, sample size.  
 
Introduction 
Accurately estimating biotic assemblage attributes such as species richness, species composition 
and species relative abundances is a fundamental requirement of environmental monitoring and 
assessment programs. The precision of these estimates influences our ability to detect 
meaningful differences in assemblage attributes through time and space. Maximising accuracy 
and precision is frequently constrained by sampling effort, which in turn is often limited by 
available funds and resources. The minimum sampling effort required is that which provides the 
necessary information to achieve the goal of a sampling program, and depends on such factors 
as the species and attributes of interest, the required accuracy (proximity of an estimate to the 
true value) and precision (degree of variation in the estimate), and the efficiency (sampling 
effort required to achieve a given level of accuracy and precision) (Sheldon 1984; Andrew and 
Mapstone 1987; Bohlin et al. 1989; Norris et al. 1992; Maher et al. 1994; Angermeier and 
Smogor 1995). Ultimately, the best sampling program is one that simultaneously maximises 
accuracy, precision and sensitivity, and minimises resource use. The increasing focus on the 
management of Australian inland waters to sustain human needs, as well as simultaneous 
maintenance of natural biodiversity and ecosystem processes, requires that programs designed 
to monitor or assess ecosystem health are appropriate to the task. Freshwater fish are 
frequently advocated as appropriate target organisms in such programs, yet little information 
exists on the effort required to quantify relevant attributes of fish assemblages in the context of 
such programs. 
 
Pusey et al. (1998) evaluated the accuracy of single- v. multiple-pass electrofishing plus seine 
netting in two eastern Queensland river basins. They concluded that multiple-pass electrofishing 
and supplementary seine netting yielded significantly more accurate estimates of fish species 
richness, abundance, species composition and assemblage structure within single hydraulic 
units (i.e. riffles, runs or pools – hereafter collectively termed mesohabitats) than a single 
electrofishing pass. The study was concerned with sampling effort at small spatial scales and did 
not directly examine the relative accuracy and precision of single-pass electrofishing and 
multiple-pass electrofishing over larger spatial scales (i.e. multiple mesohabitat units within a 
stream reach). Furthermore, Pusey et al. (1998) did not fully examine the biological and 
environmental factors potentially influencing sampling efficiency at these spatial scales. 
Failure to detect species or accurately estimate their true abundances during sampling has the 
potential to bias bioassessments, and could result in considerable deviations between expected 
and observed assemblages and a low sensitivity to detect meaningful changes in space or time 
(Maher et al. 1994; Growns et al. 1996; Paller et al. 1996; Kennard et al. 2005, 2006a). This may 
be particularly important for Australian streams, where local fish species diversity is often low in 
comparison with North America, Asia and elsewhere (Harris 1995; Matthews 1998; Harris and 
Silveira 1999). Sampling relatively short sections of a stream using intensive sampling may be 
insufficient to estimate reach-scale assemblage attributes, because insufficient micro- and 
mesohabitat configurations that support different species and varying numbers of individuals 
may be encountered. Bioassessment programs or biodiversity surveys have frequently used low 
intensity sampling (e.g. using single-pass electrofishing) over comparatively longer stream 
reaches to ensure that larger numbers of habitat configurations (and presumably the species 
they support) are sampled (e.g. Lyons 1992; Pusey and Kennard 1996; Harris and Gehrke 1997; 
Gehrke et al. 1999; Mitro and Zale 2000; Gehrke and Harris 2001; Murray–Darling Basin 
Commission 2004). Increasing sampling intensity within a stream reach (e.g. by increasing the 
number of electrofishing passes or using multiple sampling methods) should increase the 
accuracy and precision of estimates of assemblage attributes without increasing the number of 
replicates (number of mesohabitat units), but it is not clear that the increased statistical power 
to detect a hypothesised effect is worth the additional time (and cost) required to undertake 
more intensive sampling (Andrew and Mapstone 1987; Paller 1995a, 1995b). 
 
A range of biological, environmental and technical factors can influence the accurate and 
precise estimation of fish assemblage attributes. Species (and individuals of different sizes) vary 
in their susceptibility to being captured by electrofishing. Variation in galvanotaxic and 
galvanonarcotic responses of fish is widely documented and has been attributed to such factors 
as variation in physiology, size, behaviour and microhabitat use. Electrofishing effectiveness can 
also vary with factors such as water conductivity, temperature, stream width, stream depth, 
habitat structure and disturbance, and fright bias (see Bohlin et al. (1989), Zalewski and Cowx 
(1989) and Kolz et al. (1998) for reviews). These issues may have major implications for the 
optimum design of sampling programs that aim to provide accurate, precise yet efficient 
estimates of fish assemblage attributes. 
 
The present paper forms part of a wider study to develop an ecosystem health (sensu Rapport 
et al. 1998) monitoring program for waterways in south-eastern Queensland (Moreton Bay 
Waterways and Catchment Partnership 2002). The freshwater fish component of the study uses 
fish assemblage attributes such as species richness (Kennard et al. 2006b), species composition 
(Kennard et al. 2006a) and species relative abundances (Kennard et al. 2005) as indicators of 
ecosystem health. In the present paper we compare the accuracy, precision and efficiency of 
two fish sampling methods (single-pass electrofishing and multiple-pass electrofishing plus seine 
netting) to estimate stream fish assemblage attributes at two spatial scales (within discrete 
mesohabitat units and within stream reaches consisting of multiple mesohabitat units). We 
examine the extent to which the efficiency of each sampling method was influenced by 
interspecific variation in fish behaviour and habitat use, and spatial variation in environmental 
conditions. Our ultimate goal is to evaluate how changes in sampling effort (within and among 
mesohabitat units) influence the accuracy, precision and hence efficiency of fish assemblage 
estimates, depending on the fish sampling method employed. 
 
Materials and methods 
 
Study area 
The study area was confined to the Mary River and Albert River in coastal south-eastern 
Queensland, Australia. Detailed descriptions of the region and the characteristics of the study 
rivers are given in Pusey et al. (1993, 1998, 2004) and Kennard et al. (2005). Streams in the Mary 
and Albert River catchments generally have well defined riffle–run–pool sequences. Forty-six 
stream reaches selected for sampling were randomly stratified by relative position within the 
catchments (located on third to seventh order streams and rivers as estimated from 1 : 100 000 
topographic maps) to encompass as much of the natural biological and environmental variation 
as possible (Fig. 1). Reach selection was constrained by available access points to the river and a 
desire to avoid areas affected by human activity, but reaches chosen for study were widely 
arrayed throughout both catchments and represented the best condition available (sensu 
Hughes 1995) (i.e. minimally disturbed riparian vegetation, bank and channel structure in 
natural condition and natural hydrograph). 
 
 
Fig. 1.  Spatial scale of sampling in the Mary River and Albert River in south-eastern Queensland, Australia. (a) Location of 
stream reaches where sampling of mesohabitat units was undertaken. (b) The subset of stream reaches where extended 
sampling of multiple (six) mesohabitat units was undertaken in the Mary River is depicted in (a) by numbered squares. (c) 
Sampling points within each mesohabitat unit where measurements of in-stream and bank habitat were taken. 
 
We evaluated fish sampling effort and efficiency within individual mesohabitat units (i.e. riffles, 
runs and pools) using data collected from one mesohabitat unit sampled at each of the 46 
reaches in the Mary (n = 28) and Albert (n = 18) River catchments. We visually distinguished 
individual mesohabitat units as areas of relatively homogeneous water depth and velocity that 
were bounded by sharp gradients in both depth and velocity (similar to Hawkins et al. 1993). 
Three distinct classes of mesohabitat were identified (Jowett 1993) and included riffles 
(characterised by shallow, fast-flowing water, n = 15), pools (deep, with no discernable flow, n = 
15) and runs (slow flowing and of intermediate depth, n = 16) (Table 1). On average, 
mesohabitats were 40.9 m long and 8.0 m wide (equivalent to 5.1 mean stream widths (MSW) – 
calculated as site length/width) and 326 m2 in area. Water clarity and water conductivity were 
usually high in both rivers (mean turbidity 3.5 NTU, mean conductivity 393 µs cm–1). 
Mesohabitats were sampled once between June and August 1995. We chose the winter 
sampling period when hydrological conditions were characterised by low and relatively stable 
flows (Pusey et al. 1993, 2000, 2004), but there was sufficient flow to allow fish unrestricted 
longitudinal movement among mesohabitats and river reaches. 
 
Table 1.  F values and their associated significance levels (P) for nested analysis of variance of 
log(x + 1) transformed physical and water quality characteristics between rivers and 
mesohabitat types (nested within river) 
Means and standard deviations (s.d.) of physical and water quality parameters for each 
mesohabitat type are also shown 
 
We evaluated fish sampling effort and efficiency within stream reaches (i.e. over multiple 
mesohabitat units) at a subset of six stream reaches located in the mid- and upper portions of 
the Mary River catchment (situated on third to sixth order streams, Fig. 1). These sites were 
sampled in January and February of 2003 when stream flows were low and stable. Within each 
of the six stream reaches, we sampled a series of six contiguous mesohabitat units, 44.5 m long, 
8.7 m wide and 5.1 mean stream widths on average. This equated to total stream reach lengths 
of ~265 m or 30 MSW on average. Hereafter, we refer to reach length in terms of number of 
mesohabitat units and number of MSW as this allows comparison both between different 
stream reaches and with studies undertaken elsewhere. 
Fish sampling procedures 
Fish assemblages at each site were intensively sampled using the procedures detailed in Pusey 
et al. (1998) and are similar to those used by other researchers (e.g. Martin-Smith 1998; Erős 
and Grossman 2005). Sampling was conducted using a backpack DC electrofishing unit (Mk 12 
POW, Smith-Root, www.smith-root.com/, verified August 2006) with a standard Smith-Root 
anode (25 cm diameter ring attached to a 2 m pole) and cathode (3.2 m wire cable). The 
electrofisher was typically operated at 300–400 V, 70 Hz frequency and 4 ms pulse width as our 
experience indicated that this output was the most effective for collecting a wide range of fish 
species within different habitat types in south-eastern Queensland rivers and streams (M. J. 
Kennard, personal observation). A small net (9-mm stretched mesh) was attached to the anode 
ring as this markedly improved fish capture efficiency (particularly within undercut banks), while 
also minimising the duration of electroshocking required to capture fish (M. J. Kennard, personal 
observation). We were particularly judicious in our use of the electrofisher as we were 
concerned with the potential for electrofishing-induced injuries to fish resulting from extended 
or repeated exposure to the electric current, and so attempted to collect fish immediately at, or 
below, their immobilization threshold (Holliman and Reynolds 2003). 
 
Each mesohabitat unit was blocked upstream and downstream with weighted seine nets (11 
mm stretched-mesh) to prevent fish movement into or out of the study area. The operator and 
one or two dip-netters then commenced electrofishing from the downstream end of the site 
and, using short, intermittent pulses, moved upstream in a zig-zag fashion, attempting to ensure 
that all of the enclosed area was electrofished once. Upon capture, fish were identified to 
species level, counted, recorded on pre-prepared datasheets, removed from the stream and 
placed in 70 L containers. This procedure was considered to represent a single electrofishing 
pass. All subsequent electrofishing passes continued in the same manner until few or no more 
fish were caught (i.e. usually less than 25% of the total collected on the previous pass, Peterson 
et al. 2004). Following electrofishing, a seine net was pulled through each site where possible to 
catch any fish missed by the electrofisher. A maximum of five electrofishing passes and two 
seine hauls were required to collect the majority of fish present. Visual observation and 
occasional snorkelling surveys aided in this determination. Native fish were released back into 
the stream and alien fish (i.e. species introduced from other countries) were euthanased (using 
benzocaine), and not returned to the water (in accordance with the Queensland Fisheries Act, 
1994). The elapsed time and the actual electrofisher ‘power on’ time were recorded upon 
completion of each electrofishing pass to measure sampling effort. Although these two 
measures of electrofishing sampling effort were strongly correlated (Spearman’s correlation 
coefficient = 0.80) (Kennard 2005), electrofisher ‘power on’ time is a more direct measure of 
sampling duration and so is used here. The duration of each seine net haul (and fish processing) 
was usually ~10 min. 
 
Habitat sampling procedures 
Physical variables considered important determinants of fish species composition and 
abundance, and that potentially influenced sampling efficiency, were estimated for each 
mesohabitat according to a standard protocol described in Pusey et al. (2004). Wetted stream 
width, mean water velocity and water depth were measured at a series of points located 
randomly throughout the site. In general, this scheme resulted in 20 measures for each 
parameter at each site, which equated to an average of seven samples per mean stream width. 
Proportional substrate composition was estimated for one square metre around each survey 
point and allocated to each of seven substrate classes: mud (<0.06 mm), sand (0.06–2 mm), fine 
gravel (2–16 mm), coarse gravel (16–64 mm), cobbles (64–128 mm), rocks (>128 mm) and 
bedrock. At each survey point we also estimated the abundance of submerged physical 
structures often used as refuge by fish (hereafter termed microhabitat variables) including 
aquatic macrophytes, filamentous algae, submerged vegetation (mainly grasses), emergent 
vegetation, submerged overhanging vegetation (tree branches), leaf litter, and large (>15 cm 
minimum stem diameter) and small (1–15 cm diameter) woody debris. As many of these 
microhabitat structures were concentrated along the stream margins, we estimated the lineal 
extent (proportion of wetted perimeter) of these structures, in addition to the proportion of 
undercut banks and root masses, using multiple transect segments along each bank. For every 
10 m of stream traversed, bank microhabitat was assessed out to a distance of 1 m from the 
bank, at an average sampling intensity of two samples per mean stream width. Average values 
(wetted width, depth and velocity), or average proportion of mean wetted site area (substrate 
composition and microhabitat structures) or stream bank (microhabitat structures including 
undercut banks and root masses) were then calculated for each site. Ambient water quality 
conditions (turbidity, conductivity and temperature) were characterised by the mean of three 
measurements for each parameter taken at each site. 
 
Data analysis 
Spatial variation in physical and water quality characteristics 
Nested analysis of variance was used to examine variation in physical characteristics (site 
dimensions, depth and velocity) and water quality characteristics between rivers and 
mesohabitat types (nested within river). All variables were log(x + 1) transformed before 
analyses. 
 
Sampling effort and efficiency within mesohabitat units 
We evaluated sampling cumulative changes in fish assemblage attributes with increasing 
sampling effort within mesohabitats using fish data summarised in four ways: total fish species 
richness (total number of species sampled), total fish abundance, species composition 
(presence/absence) and species relative abundances. The total number of species and 
individuals collected after all electrofishing passes plus additional seine netting, were taken to 
represent the total fish assemblage present within each site (NT). The cumulative total species 
richness and total abundance collected up to pass i was represented by Ni. The contribution of 
each cumulative pass was standardised by the total (Ni/NT) and expressed as a percentage. The 
contribution of seine netting to NT was similarly standardised. Multivariate comparisons of 
cumulative changes in fish species composition and species relative abundance data sampled on 
each electrofishing pass was performed by calculating the Bray–Curtis similarity between the 
fish assemblage sampled on each successive cumulative pass Ni and the total fish assemblage NT 
(i.e. Ni v. NT). The Bray–Curtis measure is widely used in ecological studies and is regarded as an 
effective measure of ecological association (Faith et al. 1987; Legendre and Legendre 1998). 
Initial analysis of the relationship between variances and means indicated heterogenous 
variances so all standardised cumulative catch data were log(x + 1) transformed before further 
analysis. 
 
To accommodate the nested sampling of mesohabitat type within rivers and the nesting of 
repeated electrofishing passes within mesohabitat type, a linear mixed effects model was used. 
This enabled investigation of whether successive electrofishing passes contributed significant 
new information to the estimation of total species richness, total abundance, species 
composition and species relative abundances, and whether sampling efficiency varied between 
mesohabitat types (riffles, runs and pools) within rivers. In this analysis we used sites 
(mesohabitats) as subjects, mesohabitat type nested within river as a fixed effect and we tested 
the within-subject effect of electrofishing pass (with errors modelled allowing for correlation). 
Initial analyses revealed that the main effect of river was not significant and so was removed 
from all subsequent analyses. For all significant within-site effects of electrofishing pass, we 
used a Bonferroni multiple-comparison test to distinguish significant differences between the 1 
to nth level cumulative pass and the total collected by electrofishing. The relative proportion of 
the total fish assemblage (NT) collected by the first electrofishing pass (P1) is a measure of 
electrofishing efficiency and variation in electrofishing efficiency between mesohabitat types 
was evaluated using a one-way ANOVA. Where appropriate, we used Bonferroni multiple-
comparison tests to distinguish significant differences between mesohabitat types. 
Relationships between electrofishing sampling effort (as summarised by the total electrofishing 
‘power on’ time) and electrofishing efficiency (see above) with the site dimensions (site length, 
area and volume), and site physical (width, depth and velocity), chemical (water turbidity, 
conductivity and temperature) and biological (total fish species richness and total fish 
abundance) characteristics were evaluated using Spearman’s rank correlation. Variation in 
sampling effort and biological characteristics between mesohabitat types was assessed using 
one-way ANOVA (data were log(x + 1) transformed before analysis). 
 
The probability of detecting a species at a site and the probability of estimating its true relative 
abundances (as defined by multiple-pass electrofishing plus seine netting) were used as 
measures of sampling efficiency of each species by single-pass electrofishing. We examined 
whether variation in sampling efficiency was related to individual species’ behaviour and 
microhabitat use by grouping species according to whether they were benthic, pelagic or usually 
inhabited beds of submerged vegetation (species behavioural designations were based on 
information provided in Pusey et al. (2004) and unpublished observations, Table 2). One-way 
ANOVA was used to test whether sampling efficiency by single-pass electrofishing differed 
among species behavioural groups, and post-hoc comparisons were tested using Least 
Significant Difference (l.s.d.) tests. 
 
Table 2.  Characteristics of fish species collected from mesohabitats in the Mary River and 
Albert River 
Maximum sizes (cm, standard length) are those commonly attained by each species in south-
eastern Queensland and behavioural designations refer to those species that are benthic (B), 
pelagic (P) or frequently inhabit submerged vegetation (SV) (Pusey et al. 2004, M. J. Kennard, 
unpublished data). The relative abundance and frequency of occurrence of each species are 
expressed as percentages of the total number of fishes collected and mesohabitats sampled (n = 
13 199 individuals and 46 mesohabitat samples respectively). Native fish families are arranged in 
approximate phylogenetic order (after Pusey et al. 2004) and alien species are denoted by A. All 
fish illustrations by B. J. Pusey except C. carpio (Pedro T. Escudero, Mindanao State University, 
Philippines), and G. holbrooki and X. helleri (sourced from 
http://www2.dpi.qld.gov.au/extra/aquaticinvaders/add_noxious_nonindigenous.html, verified 
August 2006) 
 
Sampling effort and efficiency at the stream reach scale 
We examined changes in reach-scale estimates of total species richness, species composition 
and species relative abundances with increasing numbers of mesohabitats (and hence length of 
stream sampled) and compared these estimates using data collected from single-pass 
electrofishing and multiple-pass electrofishing (three passes only) plus seine netting (one seine 
haul per mesohabitat) at six stream reaches in the Mary River (Fig. 1). We incrementally 
constructed hypothetical series of mesohabitat units using a bootstrapped resampling approach 
similar to that employed by Angermeier and Smogor (1995). One, then two, then three (etc.) 
individual mesohabitats were randomly selected (with replacement) up to the maximum of six 
mesohabitats actually sampled in each stream reach. For each increment of sampling effort (one 
mesohabitat unit) data were pooled and fish species richness, species composition and species 
relative abundances calculated. The total number of species and individuals collected after 
multiple-pass electrofishing plus seine netting of all six mesohabitat units in a stream reach was 
taken to represent the total fish assemblage present within each stream reach (NT reach). The 
cumulative total species richness collected up to mesohabitat i was represented by Ni reach. The 
contribution of each cumulative set of mesohabitat samples was standardised by the total (Ni 
reach/NT reach) and expressed as a percentage. Calculations of Ni reach/NT reach were undertaken 
separately for data collected by single-pass electrofishing and by multiple-pass electrofishing 
plus seine netting. Multivariate comparisons of fish species composition and species relative 
abundance data sampled from each cumulative set of mesohabitats was performed by 
calculating the Bray–Curtis similarity between the fish assemblage from each successive set of 
mesohabitats sampled Ni reach and the total fish assemblage NT reach (i.e. Ni reach v. NT reach). These 
calculations were also undertaken separately for each fish sampling method. For each fish 
assemblage attribute (species richness, species composition and species relative abundance) 
and fish sampling method, we ran the randomised resampling procedure 1000 times, calculated 
Ni reach/NT reach or Ni reach v. NT reach for each resample and calculated the mean and standard deviation 
(s.d.) for each level of sampling effort (number of mesohabitats). 
 
Changes in the accuracy (proximity of an estimate to the best estimate or true value) of 
estimates of species richness, species composition and species relative abundance with each 
cumulative number of mesohabitats sampled was calculated as the mean (± s.d.) percentage of 
total fish species richness (from all six mesohabitats) or mean (± s.d.) Bray–Curtis similarity with 
total species composition and species relative abundance respectively. Changes in precision 
(degree of variation in the estimate) for each cumulative number of mesohabitats sampled was 
represented by the coefficient of variation (mean/s.d.) for each fish assemblage attribute 
(following Kritzer et al. 2001). We examined relationships between sampling effort within 
stream reaches (i.e. number of mesohabitat units sampled) and statistical power (1-β) to detect 
a 20% decrease in the mean (effect size, δ) for fish assemblage data collected by both single-
pass electrofishing and multiple-pass electrofishing plus seine netting. For each level of sampling 
effort (number of mesohabitats) within stream reaches, we used the pooled mean and standard 
deviation from all stream reaches for power calculations and set the Type I error rate (α) to 
0.05. We substituted a range of values of δ (10–100% in increments of 10) in these analyses but 
report only for δ = 20% as the trends for each fish sampling method with increasing numbers of 
mesohabitat samples were similar for each level of 1-β and δ. We also calculated the sample 
sizes (i.e. number of stream reaches) required to achieve a half width of the confidence interval 
(Zar 1996) within specified percentages (10–100% in increments of 10) of the estimated true 
population mean for each fish assemblage dataset sampled using single-pass electrofishing and 
multiple-pass electrofishing plus seine netting. For these analyses we used a one-sample test 
based on the pooled mean and standard deviation from all stream reaches and report only for 
fish assemblage estimates based on sampling of three mesohabitat units per stream reach as 
trends for each fish sampling method were similar with each level of within-reach sampling 
effort (i.e. number of mesohabitat samples). 
 
Longitudinal accumulation of microhabitat 
To establish whether rates of changes in fish assemblage attributes along stream reaches were 
associated with longitudinal variation in microhabitats used by fish, we examined rates of 
longitudinal accumulation of microhabitat configurations (i.e. particular combinations of depth, 
velocity, substrate, in-stream microhabitat structures and bank microhabitat structures) along 
stream reaches. Raw habitat data from the random point measurements were condensed into 
five categories each of depth (0.01–0.25, 0.26–0.50, 0.51–0.75, 0.76–1.0 and >1.0 m) and 
velocity (0.01–0.25, 0.26–0.50, 0.51–0.75, 0.76–1.0 and >1.0 m s–1). Seven substrate categories, 
10 in-stream microhabitat categories and eight bank microhabitat categories were also 
recognised. The occurrence of these unique microhabitat categories was treated similarly to the 
longitudinal accumulation of fish species. The cumulative number of microhabitat categories 
was estimated for each of 1000 resamples of incrementally increasing numbers of individual 
random point measurements within each stream reach and expressed as a percentage of the 
total number of microhabitat categories within each stream reach. For each level of sampling 
effort (number of random point measurements) the mean and standard deviation of the 1000 
resamples were calculated. We performed three separate analyses: one based on the 
longitudinal accumulation of physical microhabitat (depth, velocity and substrate categories), 
one based on the accumulation of in-stream microhabitat categories, and one based on the 
accumulation of bank microhabitat categories. Mixed linear model analysis was performed using 
the SPSS statistical software package (SPSS 1999) and all other analyses were preformed using S-
PLUS 2000 (Statistical Sciences 1999). 
 
Results 
Spatial variation in physical and water quality characteristics 
Sites sampled in each river were generally similar in size and encompassed the same range of 
physical and water quality conditions, and no significant difference between rivers was observed 
for any physical and water quality characteristics (P > 0.05, Table 1). Significant differences 
between mesohabitat types (nested within river) was observed with riffles, runs and pools 
varying significantly in terms of wetted width, mean depth and mean velocity (P < 0.05, Table 1). 
 
Sampling effort and efficiency within mesohabitats 
The total time taken to sample discrete mesohabitat units using an electrofisher averaged 50 
min; this equated to ~900 s electrofisher ‘power on’ time. On average, 50% of the total sampling 
time was spent on the first electrofishing pass and 95% of the total sampling time was spent on 
the first three passes. Both total time spent electrofishing, and time spent on the first 
electrofishing pass, were positively correlated (though often only weakly) with the size of the 
study sites (area and volume) and the total number of individuals present, but not with variables 
describing the physical characteristics (except mean wetted width) or water quality of the study 
sites (Table 3). Riffles, runs and pools differed significantly in the mean total number of species 
(P < 0.01) and total number of individuals (P < 0.05), with pools containing the highest number 
of species and individuals on average (F2,43 = 6.56 and F2,43 = 4.92 for one-way ANOVAs of 
between-mesohabitat type comparisons of mean species richness and mean total abundance 
respectively) (Fig. 2). 
 
Table 3.  Spearman’s rank correlation coefficients between measures of sampling effort (total 
sampling duration and percentage of total sampling time spent on the first electrofishing 
pass), electrofishing efficiency (percentage of total fish catch collected on the first 
electrofishing pass) and the physical, chemical and biological attributes of the study sites 
All mesohabitat samples were included in analyses (n = 46 samples). Correlation coefficients 
shown in bold type are significant at P < 0.05 after correction for multiple comparisons using the 
Dunn–Sidak procedure (Quinn and Keough 2002) 
 
 
 
Fig. 2.  Changes in estimates of fish species richness, total abundance, species composition and species relative abundance 
with increasing sampling effort within riffles (circles), runs (triangles) and pools (squares). For total species richness and 
total abundance, the data represents the sequential increase in mean (± s.e.) cumulative percentage of the total catch 
collected by each electrofishing pass and supplementary seine netting. For species composition and species relative 
abundance, the data represents the mean (± s.e.) Bray–Curtis similarity between each cumulative pass and the total 
assemblage (derived from all electrofishing passes plus seine netting). Inset box plots show the variation in total species 
richness and total abundance collected within each mesohabitat type. The lines at the top, middle and bottom of each box 
represent the 75th percentile, median and 25th percentile respectively. Upper and lower bars represent 90th and 10th 
percentiles and mean values are represented by symbols. 
 
Up to 85% of the total number of species present were usually collected from a single 
electrofishing pass and on average, seine netting following electrofishing accounted for less 
than ~5% of the total number of species (Fig. 2). Less than 45% of the total number of 
individuals was collected on the first electrofishing pass and seine netting accounted for 
between 10 and 30% of individuals. Comparatively more sampling effort (electrofishing passes 
and seine netting) was required to accurately estimate species relative abundance than species 
composition, and this was consistent across mesohabitat types (Fig. 2). 
 
Mixed linear model analysis revealed a significant main effect of electrofishing pass for analyses 
of total species richness, total abundance, species composition and species relative abundance 
datasets (P < 0.001), and significant effects of mesohabitat type nested within river for analyses 
of total abundance and species relative abundance datasets (Table 4, Fig. 2). Multiple 
comparisons between the nth cumulative pass and the total assemblage estimated by 
electrofishing indicated that for each fish assemblage dataset, the first two passes contributed 
significantly to estimates of total fish assemblage attributes (P < 0.001) and that a third 
electrofishing pass was required before estimates of total abundance and species relative 
abundance stabilised (Table 4, Fig. 2). 
 
Table 4.  F values and their associated significance levels (P) for linear mixed effects model 
analysis of variation in log(x + 1) transformed estimates of total species richness, total 
abundance, species composition and species relative abundances, with mesohabitat type 
(nested within river) and cumulative electrofishing pass as treatments 
Significance levels for Bonferroni pairwise comparisons between successive electrofishing 
passes and the total collected by electrofishing (Pass 5) are also shown 
 
 
Electrofishing efficiency (estimates of fish assemblage attributes using data collected on the first 
pass) differed significantly between mesohabitat types for estimation of total abundance (F2,43 = 
4.34, P < 0.05) and species relative abundances (F2,43 = 8.57, P < 0.001), with pools being sampled 
significantly less efficiently than runs or riffles (P < 0.05) (Fig. 2). Electrofishing efficiency did not 
vary significantly between mesohabitat types for total species richness (F2,43 = 0.17, P = 0.848) or 
species composition datasets (F2,43 = 0.34, P = 0.716). Electrofishing efficiency was not 
significantly correlated (P > 0.05) with parameters describing the physical, chemical or biological 
characteristics of the study sites (Table 3). 
 
Interspecific variation in sampling efficiency and mesohabitat use 
Variation in sampling efficiency between mesohabitat types (reported earlier) appears related 
to interspecific variation in fish behaviour (and hence probability of capture) and mesohabitat 
use. When grouped by behavioural type, significant differences in the probability of detecting a 
species at a site (F2,22 = 3.75, P < 0.05) or the probability of estimating their abundance (F2,22 = 
11.99, P < 0.001) using single-pass electrofishing were detected (Fig. 3a). Single-pass 
electrofishing detected the presence of benthic species and species inhabiting submerged 
vegetation with similar efficiency (mean percentage of samples = 81.9% ± 1.9 s.e. and 82.5% ± 
2.7 s.e. respectively), but mean sampling efficiency of pelagic species (73.3% ± 2.9 s.e.) was 
significantly lower (post-hoc l.s.d. comparisons between pelagic species and other species 
behavioural types significant at P < 0.05). A significantly greater percentage of the total number 
of individuals from benthic species was caught on the first pass (mean 56.6% ± 1.9 s.e.) than 
pelagic species (35.8% ± 3.9 s.e.) or species in submerged vegetation (36.3% ± 5.7 s.e.) (post-hoc 
l.s.d. comparisons between pelagic species and other species behavioural types significant at P < 
0.05). In addition, several species (e.g. Pseudomugil signifer, Gambusia holbrooki, Xiphophorus 
helleri, Melanotaenia duboulayi, Craterocephalus marjoriae, C. stercusmuscarum, Retropinna 
semoni and Cyprinus carpio) were caught in similar or greater abundances in the subsequent 
electrofishing passes than on the first pass (Fig. 3a), despite sampling effort (duration) being 
similar between the first pass and the sum of subsequent passes. After multiple electrofishing 
passes many individuals of pelagic, small-bodied schooling species (e.g. M. duboulayi, 
Craterocephalus marjoriae, C. stercusmuscarum and R. semoni) still avoided capture, as did 
those that became trapped or remained hidden among submerged vegetation (e.g. Ambassis 
agassizii, A. marianus and Glossamia aprion) (Fig. 3a). These cryptic, trapped or fast-swimming 
individuals were more effectively sampled using supplementary seine netting. Substantial 
variation in species composition and abundance of riffle fauna was evident compared with runs 
and pools (Fig. 3b). Riffles were dominated by a subset of species including Gobiomorphus coxii, 
Anguilla australis, A. reinhardtii, R. semoni and Ambassis marianus. The remaining species were 
more common in runs and pools (Fig. 3b). 
 
 
Fig. 3.  Interspecific variation in (a) sampling efficiency and (b) mesohabitat use. Sampling efficiency for each species 
(grouped by behavioural type) is defined as the probability of capture (as assessed by the frequency of occurrence in 
mesohabitats) and percentage of total catch (relative abundance) sampled by single-pass electrofishing, multiple-pass 
electrofishing and supplementary seine netting. Mesohabitat use (based on the total catch) is indicated by the frequency of 
occurrence and relative abundance of each species occurring in riffles, runs or pools. Sample sizes (number of mesohabitats 
or number of individuals) for each species can be calculated using the data presented in Table 2. 
 
 
Sampling effort and efficiency at the stream reach scale 
Total species richness in the six focus stream reaches in the Mary River ranged between 9 and 
15 (mean = 12 ± 1 s.d.) and total fish abundance ranged between 671 and 891 individuals (mean 
= 758 ± 40 s.d.). At each stream reach, the cumulative number of species collected initially 
increased rapidly with increasing sampling distance, irrespective of sampling method; however, 
cumulative numbers of species sampled using multiple-pass electrofishing plus seine netting 
reached asymptotes earlier than those sampled using single-pass electrofishing (Fig. 4). Curves 
based on cumulative numbers of species sampled using single-pass electrofishing failed to reach 
an asymptote in most stream reaches and total numbers of species sampled (after six 
mesohabitats) were often much lower than the true number of species present (as determined 
from multiple-pass electrofishing plus seine netting). Sampling in stream reaches with relative 
high total species richness tended to accumulate species more slowly than sampling in stream 
reaches with fewer species (Fig. 4). 
 
 
Fig. 4.  Mean cumulative species richness v. length of stream sampled using (a) single-pass electrofishing and (b) multiple-
pass electrofishing plus seine netting in each of the six stream reaches. Reach numbers match those given in Fig. 1. 
Estimates of mean species richness for each sampling interval (cumulative number of mesohabitats) were based on 1000 
bootstrapped randomisations that incrementally constructed hypothetical series of mesohabitat units. For clarity, standard 
deviations are not shown. 
 
The accuracy and precision of reach-scale estimates of total species richness, species 
composition and species relative abundances increased with increasing stream length and 
hence number of mesohabitat units sampled (using both sampling methods) (Fig. 5). For a given 
level of sampling effort (number of mesohabitats), the accuracy and precision of estimates of 
fish assemblage attributes were lower for single-pass electrofishing in comparison to multiple-
pass electrofishing plus seine netting (Fig. 5). For example, single-pass electrofishing of three 
mesohabitats equivalent to 15 MSW resulted in estimates of mean accuracy for the three fish 
assemblage attributes between 75 and 85% and estimates of precision between 0.10 and 0.16 
(Fig. 5a). Multiple-pass electrofishing plus seine netting of three mesohabitats resulted in 
comparably higher levels of accuracy and precision of these attributes (accuracy = 86–97% and 
precision = 0.04–0.09) (Fig. 5b). To gain equivalent levels of accuracy and precision, at least 
double the length of stream needed to be sampled by single-pass electrofishing than by more 
intensive sampling using multiple-pass electrofishing plus seine netting. To estimate total 
species richness and species composition with an accuracy of 90% and precision of 0.1, sampling 
of three to six mesohabitats was required using single-pass electrofishing v. between one and 
three mesohabitats using more intensive fish sampling (Fig. 5). Even after sampling of six 
mesohabitats, species relative abundances could not be estimated to this level of accuracy and 
precision using single-pass electrofishing. 
 
 
Fig. 5.  Change in average sampling accuracy (± s.d.) and average precision v. length of stream sampled using (a) single-
pass electrofishing and (b) multiple-pass electrofishing plus seine netting to estimate total fish species richness (circles), 
species composition (triangles) and species relative abundance (squares). Accuracy for each cumulative number of 
mesohabitats sampled is represented by the mean (± s.d.) percentage of total fish species richness or mean (± s.d.) Bray–
Curtis similarity with total species composition and species relative abundance respectively. Precision for each cumulative 
number of mesohabitats sampled is represented by the coefficient of variation (mean/s.d.). Estimates of accuracy and 
precision were based on 1000 bootstrapped randomisations that incrementally constructed hypothetical series of 
mesohabitat units. Results are averaged across six sampled stream reaches in the Mary River. Dashed lines facilitate 
comparison between sampling methods for two levels of accuracy and precision. 
 
Estimates of species composition were comparatively more accurate and precise, for a given 
number of mesohabitat samples, than estimates of total species richness and species relative 
abundance for both sampling protocols (Fig. 5). The majority of species were numerically rare 
(i.e. 16 of 19 species individually formed less than 10% of the total abundance on average as 
estimated by multiple-pass electrofishing plus seine netting) but ubiquitous (i.e. usually present 
in two or more mesohabitats per stream reach on average). Consequently, it took comparably 
less sampling effort to detect the presence of a species in a stream reach and therefore to 
accurately and precisely estimate species composition than it did to estimate their relative 
abundances (which varied markedly between mesohabitat types, see Fig. 3b). Because 
estimates of total species richness give equal weighting to discontinuous and ubiquitous species, 
accumulations of species are strongly influenced by discontinuously distributed (i.e. patchy) 
species. This led to less precise estimates of total species richness in comparison to multivariate 
estimates of fish assemblage composition, which were less sensitive to patchily distributed 
species (Fig. 5b). 
 
For an equivalent level of sampling effort (number of mesohabitats), the power to detect a 20% 
decrease in the mean of estimates of fish assemblage attributes was higher for multiple-pass 
electrofishing plus seine netting in comparison to single-pass electrofishing (Fig. 6a). Sampling of 
three mesohabitats yielded a power (1-β) greater than 0.95 using multiple-pass electrofishing 
plus seine netting whereas sampling of six mesohabitat units was required to achieve 
comparable levels of power using single-pass electrofishing. Multiple-pass electrofishing plus 
seine netting of three mesohabitat units also yielded more precise estimates of fish assemblage 
attributes and so fewer stream reaches needed to be sampled to achieve a half width of the 
confidence interval within given percentages of the true population mean (Fig. 6b). For example, 
sampling of three to four stream reaches was required to achieve a half width of the confidence 
interval within 20% of the mean for each fish assemblage attribute in comparison to between 
five and seven stream reaches using single-pass electrofishing. 
 
 
Fig. 6.  (a) The power (1-β) of different fish sampling methods to detect a 20% decrease (δ) in estimates of total species 
richness (circles), species composition (triangles) and species relative abundance (squares), with increasing number of 
mesohabitats sampled (α = 0.05). (b) The number of stream reaches required (based on sampling of three mesohabitats per 
reach) to achieve a half width of the confidence interval within given percentages of the true population mean for total 
species richness, species composition and species relative abundance (α = 0.05). Data from single-pass electrofishing is 
shown with open symbols and dashed lines, data from multiple-pass electrofishing plus seine netting is shown with closed 
symbols and solid lines. 
 
The relative efficiency (i.e. sampling effort required to achieve a given level of accuracy and 
precision) of each fish sampling method varied with the fish assemblage attribute of interest 
and the desired level of accuracy or precision (Table 5). For a given mesohabitat unit sampled, 
intensive sampling using multiple-pass electrofishing and seine netting took, on average, more 
than twice the amount of time to sample as single-pass electrofishing. However, single-pass 
electrofishing was always less efficient (as indicated by efficiency ratios <1) than multiple-pass 
electrofishing plus seine netting in accurately (i.e. 80 or 90%) estimating total species richness, 
species composition and species relative abundance (Table 5). Single-pass electrofishing was 
sometimes more efficient (efficiency ratios >1) than multiple-pass electrofishing plus seine 
netting in precisely estimating fish assemblage attributes (Table 5). 
 
Table 5.  Relative sampling efficiency (efficiency ratio) of single-pass electrofishing v. multiple-
pass electrofishing plus seine netting to achieve a desired accuracy (80 and 90%) and precision 
(0.2 and 0.1) in estimating total species richness, species composition and species relative 
abundance in a river reach 
The number of mesohabitat units required to achieve the prescribed accuracy and precision 
levels were obtained from Fig. 5. Total mean sampling duration was estimated by multiplying 
the number of mesohabitat units by the sampling time required by a two or three person crew 
to collect, identify and enumerate fish using single-pass electrofishing (mean 23 min per 
mesohabitat) or multiple (three) pass electrofishing (mean 45 min) plus seine netting (estimated 
as 10 min per site). Efficiency ratios were calculated by dividing the total mean sampling 
duration of single-pass electrofishing by the duration of multiple-pass electrofishing plus seine 
netting. Note that single-pass electrofishing did not estimate species richness or relative 
abundance to an accuracy of 90% after the maximum of six sampled mesohabitats (Fig. 5a) so 
efficiency ratios could not calculated 
 
 
Accumulation of microhabitat 
The rate of accumulation of in-stream microhabitat characteristics with increasing stream 
distance (Fig. 7) was similar to average accumulation rates of fish assemblage attributes 
sampled by multiple-pass electrofishing plus seine netting (Fig. 5b). The mean percentage of 
physical microhabitat categories (depth, velocity and substrate) present in a river reach 
increased with increasing sampling distance (Fig. 7). After sampling 10 MSW, around 90% of the 
total physical microhabitat categories present had been encountered. Approximately 90% of 
bank microhabitat types had been sampled after less than 10 MSW and ~80% of total in-stream 
microhabitat types were represented. Addition of new microhabitat types occurred relatively 
slowly after 15 MSW of stream length had been sampled. The lower relative accuracy of in-
stream microhabitat categories is indicative of generally more sparse distribution of these 
microhabitat types than those of bank and physical variables (Fig. 7), suggesting that a greater 
length of stream needed to be sampled before they were fully represented. 
 
 
Fig. 7.  Cumulative increases in the mean percentage (± s.d.) of the total number of microhabitat types encountered in 
stream reaches v. length of stream sampled (expressed as number of mean stream widths). Separate curves are shown for 
depth, velocity and substrate categories, and for bank microhabitat and in-stream microhabitat categories. Means were 
generated using 1000 bootstrapped randomisations that incrementally constructed hypothetical combinations of 
microhabitat categories from observed samples and averaged over the six stream reaches. Frequency histograms of the 
number of habitat sampling points within each microhabitat category used in the analyses are also shown. 
 
 
 
Discussion 
 
The results of the present study confirm the earlier findings of Pusey et al. (1998) that intensive 
sampling is required to estimate fish assemblage attributes within discrete mesohabitats. These 
findings are consistent over the three geomorphologically dissimilar river basins examined 
(Johnstone River, Mary River and Albert River), which vary in local fish species richness, 
composition and abundance. Evaluation of the accuracy and precision of single-pass v. multiple-
pass electrofishing as performed in the present study and in Pusey et al. (1998) relied on the 
assumption that the estimate of the ‘true’ fish assemblage based on multiple-pass electrofishing 
plus seine netting was accurate, particularly in terms of species abundances. Although maximum 
likelihood estimation methods are available to estimate species’ total population sizes based on 
removal sampling (e.g. Zippin 1956; Otis et al. 1978), these methods have several restrictive 
assumptions that are often violated (Riley and Fausch 1992; Riley et al. 1993; Peterson et al. 
2004) and can result in overestimates of species capture efficiencies and underestimates of fish 
population sizes (Peterson et al. 2004). The main goal of our study was to develop a sampling 
program able to monitor and compare variation in fish assemblage attributes (species richness, 
species composition and relative abundances), and not necessarily to estimate absolute 
population sizes. 
 
Changes in catchability of some fish species exposed to an electrical current during previous 
electrofishing passes (Cross and Stott 1975; Bohlin et al. 1989; Mesa and Schreck 1989; Riley et 
al. 1993; Peterson et al. 2004) has the potential to bias estimates of fish species relative 
abundances based on multiple-pass electrofishing. Reductions in galvanotaxic responses of fish 
with increases in the number of times an individual has been shocked reportedly contributes to 
reductions in catchability of some cyprinids, salmonids and anguillids (Chmielewski et al. 1973; 
Cross and Stott 1975), with the refractory period in cyprinids thought to last between 3 and 24 h 
(Cross and Stott 1975). The extent to which species collected in our study experienced a 
refractory effect from repeated electroshocking is unknown. If some species were less catchable 
on subsequent electrofishing passes, it is possible that our estimates of species relative 
abundances from a single pass were more accurate than estimates from multiple electrofishing 
passes plus seine netting. However, our data do not support this for several reasons. 
Galvanotaxic responses to electroshocking for all species collected in the present study (with the 
usual exception of Anguilla spp.) were rarely observed (i.e. fish usually did not swim, or could 
not be drawn, towards the anode ring). The usual response by most fish was immobilisation on 
the stream bottom or erratic swimming behaviour (but rarely towards the anode) requiring 
vigorous and rapid sweepings of the anode pole net and the assistance of dip-netters to capture 
these fish. Moreover, several species were caught in similar or greater abundances in the 
subsequent electrofishing passes than on the first pass, despite sampling effort being similar 
between the first pass and the sum of subsequent passes, suggesting that fish were not 
necessarily less catchable after being electroshocked. 
 
Reductions in capture efficiency with each electrofishing pass may also arise because fish avoid 
capture by concealment in areas that are difficult to sample (e.g. coarse substrates, aquatic 
macrophyte beds and undercut banks), or by actively swimming to avoid the anode (Peterson et 
al. 2004). Fishes that are already concealed within such microhabitat refuges may, however, 
require repeated electroshocking episodes before they emerge from cover and can be captured. 
We have regularly observed this phenomenon with large species such as plotosids (Tandanus 
tandanus and Neosilurus hyrtlii), anguillids (A. reinhardtii and A. australis) and some eleotrids 
(e.g. Philypnodon grandiceps), which commonly take refuge in deep undercut banks (Pusey et al. 
2004) and often only emerge from these areas after repeated shocking over several 
electrofishing passes. The present study did clearly show, however, that species differed in their 
susceptibility to capture by electrofishing (Fig. 3a; see also Kennard 2005). This effect should 
yield estimates of species relative abundances biased towards those most easily caught by 
electrofishing (primarily benthic species and some small-bodied native and alien species 
commonly found in submerged marginal vegetation). Our results also indicated that multiple-
pass electrofishing underestimated abundances of some species that were more efficiently 
sampled using seine netting. The only means of evaluating the adequacy of an abundance 
estimation technique is to compare the estimates with known or unbiased estimates of fish 
abundance (e.g. by tagging and releasing a known number of fish in an enclosed area and 
counting the recapture of tagged fish on each pass) (Peterson et al. 2004). These issues require 
further research; however, we suggest that intensive sampling using dual gear (multiple-pass 
electrofishing plus seine netting) should minimise the negative bias of our estimates of species 
abundances in comparison to single-pass electrofishing alone. 
 
Repeated electroshocking episodes undoubtedly increase the potential to injure fish (see 
Nielsen (1998) and Snyder (2003) for recent reviews). Sampling-induced mortality (potentially 
also caused by seine netting) has obvious negative implications for bioassessment programs that 
aim to evaluate temporal variation in fish assemblages by repeated sampling at a study site, or 
studies in rivers where rare or endangered fish species that are of high conservation significance 
are frequently encountered. There is little quantitative data on immediate or longer-term injury 
or mortality rates of Australian fish species due to electroshocking. Barker et al. (2002) reported 
that only a very small percentage of fish suffered injuries and that the incidence of injury was 
much less than that caused by more conventional survey capture methods. Our own experience 
supports this and suggests that short-term mortality rates for a range of fish species, in a range 
of eastern Queensland rivers, are generally less than 5% (Pusey et al. 1998; M. J. Kennard, 
unpublished observations). Moreover, on numerous occasions we have retained fish collected 
by electrofishing and seine netting, and maintained them in laboratory aquaria for many months 
with no obvious mortality due to the sampling procedure. 
 
The site dimensions (area and volume) and number of individuals influenced the amount of time 
that had to be spent sampling each site, with larger sites containing more fish taking longer to 
sample. However, variation in the physical and chemical characteristics of sites did not appear 
to affect electrofishing efficiency. The range of variation in the physico-chemical conditions 
across the sites sampled in the present study (e.g. relatively high conductivity, low turbidity and 
depth usually less than 1 m) was not such that they would be expected to influence efficiency. 
Sampling efficiency did vary significantly with mesohabitat type, presumably due to variation in 
species composition and relative abundances between riffles, runs and pools, and variation in 
the catchability of these species using electrofishing and seine netting. 
 
Our study showed that accurate estimates of assemblage attributes at the reach scale could be 
obtained from intensive sampling using multiple-pass electrofishing plus seine netting of three 
mesohabitat units equivalent to 15 MSW (accuracy of species richness, species composition and 
relative abundances 94, 97 and 86% respectively). Perhaps not surprisingly, this spatial scale 
corresponded to the point at which longitudinal accumulations of most microhabitat 
configurations present within stream reaches had also stabilised (Fig. 7). This length of stream is 
generally within the lower end of the range of stream lengths recommended for sampling of fish 
assemblages in similar studies conducted in North American streams and elsewhere (e.g. 
Kennedy and Strange 1981; Lyons 1992; Hill and Willis 1994; Angermeier and Smogor 1995; 
Paller 1995a; Simonson and Lyons 1995; Mitro and Zale 2000; Patton et al. 2000; Cao et al. 
2001; Dauwalter and Pert 2003). For example, Angermeier and Smogor (1995) reported that 
between five and 14 mesohabitats (equivalent to 15–67 MSW) yielded accurate (90%) estimates 
of species richness and species relative abundances using two-pass electric seining. Lyons (1992) 
recommended a minimum of 35 stream widths be sampled using single-pass electrofishing to 
estimate asymptotic species richness (although shorter distances were required at some sites). 
Patton et al. (2000) reported that an average of 22 MSW was required to sample 90% of species 
using single-pass electrofishing and 38 MSW using single-haul seine netting. 
 
Our study also showed that multiple-pass electrofishing plus seine netting was generally a more 
efficient sampling strategy (in terms of time and effort expended) than single-pass electrofishing 
to accurately estimate fish assemblage attributes but that single-pass electrofishing was 
sometimes more efficient in precisely estimating fish assemblage attributes (Table 5). In 
contrast, Paller (1995a, 1995b) concluded that both accurate and precise estimates of total 
species richness and abundance were more efficiently obtained by sampling larger areas of 
stream with a single electrofishing pass than by more intensive multiple-pass electrofishing of 
smaller sampling areas. It is difficult to compare estimates of sampling effort and efficiency 
among studies and between geographic regions, and many factors can lead to different 
conclusions regarding optimum sampling protocols. These factors include the objectives of the 
study, the assemblage attributes of interest, and the desired level of accuracy and precision in 
their estimation. Furthermore, variation in local species diversity, habitat specificity and 
patchiness in species distributions, physico-chemical characteristics and location of the study 
sites in the stream network, size of the sampling units, intensity of sampling, effectiveness of 
sampling gear, and experience and proficiency of the sampling crews can influence sampling 
efficiency (Bohlin et al. 1989; Angermeier and Smogor 1995; Paller 1995a, 1995b; Paller et al. 
1996; Pusey et al. 1998; Mitro and Zale 2000; Meador and McIntyre 2003; Meador et al. 2003; 
the present study). In streams with very high species diversity and substantial differences 
between species in microhabitat use and habitat specificity, as may be the case for some North 
American streams, greater lengths of stream may need to be sampled in order to collect the 
majority of species present within the reach. However, streams of south-eastern Queensland, 
and southern Australia in general, are not especially species-rich, nor is microhabitat 
specialisation so pronounced (Pusey et al. 2004) as to result in profound compositional changes 
with varying micro- or mesohabitat structure. In contrast, rivers and streams in other parts of 
Australia (e.g. the Wet Tropics region of northern Queensland) are characterised by a high 
number of species, many of which are comparatively rare (Pusey and Kennard 1996; Pusey et al. 
2004), and so comparatively greater sampling effort (length of stream) may be required to 
describe reach-scale assemblage attributes in this region. 
 
A major objective of the present study was to evaluate the accuracy, precision and efficiency of 
fish sampling protocols to estimate reach-scale fish assemblage attributes in wadeable streams 
and rivers for an ecosystem health ambient monitoring program in south-eastern Queensland. 
This monitoring program uses ecosystem health indicators based on fish species richness 
(Kennard et al. 2006b), fish assemblage composition (Kennard et al. 2006a) and the relative 
abundance of alien species (Kennard et al. 2005), and the use of block seine nets, multiple-pass 
electrofishing plus supplementary seine netting of three mesohabitat units is the sampling 
protocol currently used. The present study demonstrates that sampling at this intensity and 
spatial scale provides accurate and precise estimates of these key assemblage attributes. We 
suggest that the use of a less intensive sampling protocol undertaken over larger scales without 
block nets to prevent movement of fish from the study area risks compromising the accuracy 
and precision of ecosystem health indicators based on fish assemblage data collected in this 
manner. Although a less intense sampling protocol is often easier (particularly in wide streams 
where block nets are difficult to deploy), there is a greater risk of overestimating the abundance 
of those species most susceptible to electrofishing (e.g. alien species) or that are present in the 
highest abundances, and failing to detect or underestimating the abundance of some hard-to-
catch or uncommon species, irrespective of the length of stream (and number of habitat 
configurations) sampled. We acknowledge that the greater risk of sampling-induced mortality 
from the more intensive sampling protocol has potential to affect the conclusions drawn from 
repeated sampling at a site for long-term biomonitoring studies, and propose that more 
information is urgently required concerning short and longer-term injury or mortality rates of 
Australian native fish species due to electroshocking (and seine netting). 
 
The intensive sampling protocol described in the present study was sufficiently sensitive that 
relatively small differences in fish assemblage attributes could be detected with a high statistical 
power and that relatively few stream reaches needed to be sampled to accurately estimate 
assemblage attributes close to the true population means. The sampling protocol should 
therefore be suitable for monitoring programs that aim to detect important spatial and 
temporal variation in fish assemblage attributes, discern changes in response to new 
anthropogenic stressors, or monitor the ecological outcomes of stream rehabilitation projects 
(e.g. based on flow or habitat restoration). Further, the present study indicates that an intensive 
sampling program (i.e. multiple electrofishing passes plus seine netting over a limited number of 
mesohabitats) would provide better estimates of local species richness for studies aimed at 
defining spatial variation in biodiversity (e.g. inventories for biodiversity conservation planning) 
than would single-pass electrofishing, while simultaneously providing accurate and precise 
quantification of other assemblage attributes that may be applicable to a range of other future 
management objectives. 
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